The NiCr23Co12Mo alloy (Inconel 617) is a material used for example in the production of superheater boilers with ultra-cool supercritical parameters of work. The paper presents the results of microstructure changes after the long-term impact of temperature and strain. Analysis of the microstructure was carried out using scanning electron microscopy. Qualitative and quantitative identification of precipitations were conducted using X-ray analysis of the phase composition. Was studied the influence of ageing on tested alloy precipitations. The results of the study are the database alloy material of the new generation, which is used in the activities of the diagnostic elements of pressure parts of boilers.
In the light of European legal requirements, domestic resources of brown and hard coal, depreciation of most of operating power units in Poland, as well as energy security, trends in research and development of energy aim to build a modern power units with ultra-cool supercritical parameters, e.g. a temperature of 650-740 °C and pressure 30-35 MPa [1] [2] [3] [4] [5] [6] .
It is recognized that fossil fuels, especially coal, will remain the main source for electricity generation for the next decade. While the plans to build nuclear power plants in Poland, according to the latest data from the Ministry of Economy are for 2030 [7] [8] [9] [10] [11] .
To reduce the level of CO 2 in the atmosphere and the savings of fossil fuels to improve the efficiency of electricity generation are necessary. This enables the development of new steels and alloys for elevated and high temperature [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] .
The history of the construction of supercritical boilers reaches 50 years of the last century. Then, the first prototype units in the US in the Eddystone power plant, owned by Philadelphia Electric Co and in Ukraine with parameters row 30MPa/649/566 °C were created. At that time the basic austenitic steels and technologies that do not perform the quality requirements were used. Due to the lack of experience, technical errors and insufficient knowledge concerning the austenitic steel properties and their way of using caused large operation problems and low blocks availability. Only in the middle of 90's of the last century, there was a return to the blocks supercritical [23] [24] [25] [26] [27] [28] [29] .
The materials used in the construction of boiler elements have to provide possibly the longest stability of tensile properties: yield strength, creep strength, a low tendency to brittleness, corrosion resistance at the time up to 200,000 h. This is possible by maintaining the structure stability and physical properties during operation. It should be noted that during the operation these parameters are continuously decreasing. However, they should not be lower than the permissible lower limit determined at the design stage [30] [31] [32] [33] [34] .
Except for the high strength properties, these materials should be characterised by good weldability and ability to cold and heat plastic deformation, as well as the uncomplicated heat treatment.
At the moment in the country and the world in the field of interest of materials for the construction of modern boilers are the high-nickel and high-chromium austenitic steels HR3C, Super 304H, HR6W, CR30 and nickel superalloys type Inconel 617, 625 and 740 [35, 36] . The use of these materials for the construction of boilers depends not only on their high strength properties in the state of initial but mainly on their behaviour during longterm operation.
Experimental part Materials for investigations
The material for investigations included the specimens from the sections of finished products in the form of tubes with dimensions of Ø 31.5 x 5 mm for DMV617 grade. Chemical composition is presented in table 1.
Methodology
The microstructure investigations were carried out using an Inspect F scanning electron microscope (SEM) and a TITAN 80-300 transmission electron microscope (TEM). The SEM observations were carried out on metallographic * email: marek.sroka@polsl.pl Table 1 CHEMICAL COMPOSITION OF THE EXAMINED MATERIAL, wt% microsections electrolytic etching, while the TEM observations were done using thin foils.
The analysis of precipitation processes was performed using X-ray isolates carbide on an Empyrean diffractometer PANalytical company using filtered radiation of cobalt and microdiffraction techniques in the configuration of the Pixcel detector and by means of thin films using a selective electron diffraction.
The quantitative analysis of precipitation was carried out using the image analysis system NIKON EPIPHOT200 & LUCIA G v.5.03. The scale marker as shown in the photos was used for calibration of the image analysis system. Calibration coefficient: 1 pixel = 0.040 µm.
Results and discussions
The required values of tensile strength at room temperature according to PN-EN ISO 6892-1 are shown in Table 2 , while the required values of impact energy at room temperature in the delivery state according to EN ISO 148-1: 10.2010 are shown in table 3.
The results of the obtained tensile strength TS, yield strength YS, elongation and contraction in the static tensile test at room temperature and raised the temperature for a tested alloy in the initial state are shown in figure 1 . However, the changes in these properties after annealing for 1,000 h at 700, 750 and 800 °C are shown in figure 2 . The results of impact energy after annealing for 1,000 h at 700, 750, and 800 °C are presented in figure 3 .
The annealing process conducted at temperature simulating long-term use causes changes in the microstructure which are acting on the strength and plastic material properties which are rated based on the results of static tensile testing, hardness and dynamic breaking work.
Ageing at a temperature of 700°C and time to 1,000 h resulted in a significant increase in the yield strength and the tensile strength ( fig. 3 ). The value of the yield point (YS) after annealing for 1,000 h increased by 26%, while the tensile strength (TS) increased by 17%. After annealing at higher temperature -750°C values of these parameters, similar like after ageing at 700 °C significantly exceed the condition at delivery state. After ageing for 1,000 h at 750°C the yield stress is around 15% and tensile strength is 13% higher in relation to the baseline. Ageing at a temperature of -800 °C resulted in an increase in the tensile strength and yield strength of about 8%.
For all three levels of the annealing temperature up to 1,000 h an increase of tensile and yield strength were observed. While the elongation after annealing at 700, 750 and 800°C has constantly been decreased over the annealing time. Similar changes in the mechanical properties of Inconel 617 alloy were observed in [37, 38] .
The ductility properties of the material have been evaluated by measuring the breaking work for non standard samples of dimensions 55x10x2,5 mm which is a relative measure of the impact energy, the results of which are shown in figure 6 . Annealing for 1,000 h results in a rapid decrease in the level of impact energy from 240 J for the level of delivery state to the level of 65 J for 700°C, and then from 89 and 56 J, respectively for the temperature of 750 and 800 °C.
The microstructure of Inconel 617 alloy in initial state observed using light and scanning electron microscopy is shown in figure 4 . The tested alloy characterised by a coarse-grained austenitic microstructure with a grain size of 3-5 according to PN-EN ISO 643: 2013-06 with a small number of primary carbides. In the initial state of the tested steel may occur the precipitations of MX, M 23 C 6 and M 6 C type [38] . The precipitates identification in a transmission electron microscope revealed of the investigated the steel presence the occur of primary precipitates -evolved in the last phase of solidification [38] -of MX, M 23 C 6 and M 6 C type.
Images of the microstructure observed in a scanning electron microscope, proving the changes in the Inconel 617 alloy after ageing at 700, 750 and 800 °C at the time of 1,000 h are shown in figure 5 . The changes in the microstructure of steels with an austenitic matrix by long-term annealing at elevated temperature manifest themselves through processes of precipitation of secondary phases, both the austenite grain boundaries, twins, and inside the particles ageing for 1,000 h at 700 °C resulted in the secretion and increase the size of carbides, and M 6 C Cr 23 C 6 at grain boundaries of austenite, twins and slip planes within the grains and the austenite γ' phase ( fig. 5a ).
The intensification of the precipitation process of Inconel 617 alloy is noticeable with increasing annealing temperature ( fig. 5b ). This is confirmed by an increase in the size of the γ' phase precipitates ( fig. 6 ), which amounted to 700 °C temperature and time of 1,000 h 28 nm, and the temperature 750 °C 54 nm. While for ageing temperature of 800°C increase in the average size of the γ' phase precipitates in relation to a temperature of 700 and 750 °C it is quite significant and is 185 nm for a time ageing 1,000 h similar character of changes in the size of the precipitates in the Inconel 617 alloy was observed in [38] .
Conclusions
The Inconel 617 alloy due to high creep strength at elevated temperatures, and very good resistance to hightemperature corrosion and oxidation in steam provided by the formation of passivating chromium oxides Cr 3 O 2 is recommended for long-term operation at a temperature of 700-800 °C.
The characteristics of heat-temperature materials, indicating their suitability for use at a specific temperature recognise the results of the stability of microstructure and mechanical properties in conditions of laboratory annealing at the temperature close to the temperature of potential use. The studies of ageing at 700-800 °C for up to 1,000 h revealed changes in microstructure consisting mainly in the tendency to create a finely dispersed, uniformly distributed γ' phase inside grains, whose average diameter increases with temperature and ageing time. In addition, in the microstructure the M 23 C 6 and M 6 C type precipitations, which are dispersed mainly in the austenite grain boundaries and twins, whose size also increases with the level of the test temperature.
